Some colon cancer (CC) patients present synchronous cancers at diagnosis and others develop metachronous neoplasms, but the risk factors are unclear for non-hereditary CC. We showed previously that global DNA demethylation increased with aging and correlated with genomic damage in CC, and we show now that preferentially associates to CCs with wild-type p53. This study aimed to elucidate the extent of DNA hypomethylation in patients with single and multiple CC, its relationship with aging, and its potential as predictive tool. We compared by real-time methylation-specific PCR the relative demethylation level (RDL) of long interspersed nucleotide element-1 (LINE-1) sequences in matched cancer tissues and non-cancerous colonic mucosa (NCM) from patients with single and multiple right-sided CCs. Although no RDL difference was found in NCM from single CC patients and healthy volunteers (P ¼ 0.5), there was more demethylation (higher RDL) in NCM from synchronous cancer patients (P ¼ 1.1 Â 10 À5 ) multiple CCs also were more demethylated than single CCs (P ¼ 0.0014). High NCM demethylation was predictive for metachronous neoplasms (P ¼ 0.003). In multivariate logistic regression analyses RDL was the only independent predictor for metachronous (P ¼ 0.02) and multiple (P ¼ 4.9 Â 10 À5 ) tumors. The higher LINE-1 demethylation in NCM from patients with multiple (synchronous and metachronous) tumors (P ¼ 9.6 Â 10 À7 ) was also very significant in patients with tumors without (P ¼ 3.8 Â 10
INTRODUCTION
Patients undergoing surgical resection for colon cancer (CC) often present synchronous tumors and are at higher risk for developing metachronous neoplasms in the residual colon than those without a history of cancer. 1 Although patients with hereditary syndromes such as non-polyposis colorectal cancer (HNPCC) have a high risk for developing synchronous and metachronous tumors, 2 the underlying mechanisms in apparently non-hereditary (that is, 'sporadic') multiple colorectal cancer have not been elucidated. 3 The first concluding unanswered key research question in the Rex et al., review article was 'What clinical, genetical, or biological markers predict development of metachronous cancers (that is, stratify risk) in colorectal cancer patients without hereditary non-polyposis colorectal cancer?'.
Multiple cancers may arise simultaneously from regions of normal tissue containing certain genomic alterations. This phenomenon is exemplified by the 'field cancerization' caused by carcinogen exposure. 4, 5 In contrast with genetic alterations found in isolated cases and in only minor fractions of normal tissue cells, 4, 6 somatic epigenetic alterations are common in normal tissues adjacent to various cancers. 7 --13 Thus, DNA hypermethylation, associated to inactivation of tumor suppressors, has been proposed to be an indicator of epigenetic field cancerization. 12, 14, 15 A lower level of DNA methylation in tumors compared with normal tissue is another epigenetic alteration that has been found in many human cancers. 16, 17 Evidence from mice model systems links DNA hypomethylation with chromosomal instability and cancer. 18, 19 Association of somatic demethylation in repetitive elements such as long interspersed nucleotide element-1 (LINE-1) as marker for global demethylation and colorectal cancer progression has been recently described. 20 --23 We previously showed that in human gastrointestinal cancers, DNA hypomethylation was an independent prognostic indicator of poor survival for gastrointestinal cancer, increased with aging and correlated with age-independent genomic damage. 24, 25 This led to the proposal of a 'wear and tear' model for cancer development linking aging and cancer through the accumulation of DNA demethylation and its causal relationship with genomic damage.
Demethylation in normal colonic mucosa of some cancer patients has been also described previously 26 and lower methylation of individual genes was found in normal mucosa of patients with colon adenomas and carcinomas. 8, 11, 13, 27 Recent studies also reported concordant DNA methylation alterations between synchronous colorectal cancers. 9, 28 The aim of this study was to elucidate whether the extent of DNA hypomethylation in non-cancerous colonic mucosa (NCM) also increases with aging, and whether demethylation in normal tissue differs between healthy individuals and patients with single and multiple colon carcinoma (CC). We also explored the potential application of the degree of DNA demethylation in normal colon epithelium as a predictive tool for multiple CC. None of these questions have been previously addressed.
RESULTS

Patients
The patients recruited in this study and the clinico-histological features of the corresponding colon tumors are presented in Table 1 . Additional clinicopathological and demographic information is found in Materials and methods and Supplementary Information. From 694 total CC patients we selected those with right-sided CC (n ¼ 270). We recruited only right-sided CC patients because left-sided sporadic CCs have different molecular characteristics compared with right-sided sporadic CCs. In addition, the larger distance requirement for surgical margins in right-sided CCs leads to low rates of local recurrence at anastomotic sites. Therefore, we were able to distinguish metachronous colonic neoplasms from local recurrences at anastomotic sites in right-sided CC patients. A diagram of the study design is illustrated in Figure 1 .
DNA hypomethylation and a 'wear and tear' model for CC In our studies using DNA fingerprinting as diagnostic methods, we found a correlation between increased overall demethylation levels in CC with aging and genomic damage. 25, 29 We report now that the tendency of demethylation to increase with aging was more evident in those CC patients harboring wild-type p53 ( Figure 2 ). The association between patient age and hypomethylation alterations did not exhibit substantial changes when the samples were stratified according to the mutational status of KRAS or BRAF (not shown).
We next analyzed the extent of methylation in the normal tissue of CC patients, as well as in healthy volunteers, to determine whether the degree of demethylation in normal tissues could distinguish healthy individuals from CC patients. We used a relative demethylation level (RDL) assay of LINE-1 repetitive sequences using the MethyLight approach 30 as a surrogate for global demethylation levels. The higher RDL means therefore less methylation. We designed a prospective study with a cohort of CC patients with a 7-year follow-up. Of the 196 patients eligible for follow-up, 99 were analyzed for RDL in NCM. When we correlated RDL and patient age, demethylation of NCM appeared higher in older CC patients when the total patient sample was considered (P ¼ 0.017) in support of the 'wear and tear' model (Supplementary Figure 1b ).
DNA demethylation in NCM associates with synchronous CC Next, we compared the RDL of NCM from healthy individuals with that of CC patients. Although no difference in methylation was found in NCM from single CC patients and healthy volunteers, the NCM from synchronous cancer patients showed higher RDL (that is, more demethylation) than from single CCs. Synchronous CCs also displayed more demethylation (higher RDL) than single CCs (Table 2a) . We tested next whether the higher demethylation in NCM from patients with synchronous CC also extended to those patients who developed later new (metachronous) tumors after colectomy. This prospective study revealed that the level of demethylation of the NCMs from the initial surgery correlated with the risk to develop metachronous tumors (Table 2b ).
DNA demethylation in NCM and microsatellite instability (MSI) Once the result with synchronous cancers was validated with metachronous tumors, we combined the data (that is, 'multiple' tumors, Figure 3 ). The differences in demethylation level between single and multiple tumors (P ¼ 9.6 Â 10 À7 ) remained extremely significant (P ¼ 3.8 Â 10 À6 ) after filtering out the patients with MSI cancer 31, 32 both in tumor ( Figure 3a ) and in NCM (Figure 3b ). MSIpositive cancers displayed less demethylation than those without MSI (Figure 3a , right) in agreement with previous reports. 23, 33 In contrast, no differences in methylation levels were apparent in NCMs from patients with CC with or without MSI (Figure 3b, right) . Therefore, the results exclude the association of multiple tumors with MSI and hence with HNPCC.
DNA demethylation in NCM predicts development of metachronous colon tumors During the follow-up period 10 patients developed a metachronous tumor and 69 patients did not. Of the 10 patients with metachronous neoplasms, 4 developed carcinomas and 6 adenomas (Supplementary Table 2 ). As only four carcinomas were insuficient to perform statistical comparisons, we grouped the four carcinomas with the six adenomas (Table 2) , which is justified as advanced adenomas exhibit a high risk of progressing into carcinomas, 34 and are regularly removed after detection, especially in patients with a history of CC. 25 The mutational status of several genes (TP53, KRAS and BRAF) was determined in these tumor samples as described. 24 P-values were calculated using the Pearson's product-moment correlation test.
First, we performed univariate logistic regression analyses to determine the association between several factors (patient age, gender, tumor location, invasiveness, MSI status and RDL levels in NCM) with the probability of developing a metachronous tumor independently. The univariate logistic regression analyses revealed that the only factors with statistical significance were patient age (P ¼ 0.026) and RDL levels in the NCM (P ¼ 0.010). A multivariate logistic regression analysis including all these factors together demonstrated that the only factor that retained statistical significance was demethylation in NCM (P ¼ 0.0254). A backwardelimination stepwise logistic regression yielded a best-fitting model containing only patient age and demethylation as predictors of metachronous tumor development. In this model the only factor maintaining the statistical significance (P ¼ 0.028) was demethylation of normal mucosa (Table 3a) .
In a similar approach, we analyzed the association between these factors and the probability of developing a multiple tumor, either synchronous or metachronous. For this analysis, we used the data from 75 patients with single CC, 14 patients with double synchronous CC and 10 patients who had a single CC and developed metachronous tumors in the follow-up period. In the univariate logistic regression analyses, three of these factors were statistically significant: patient age (P ¼ 0.036), invasiveness (P ¼ 0.043) and RDL in NCM (P ¼ 1.9 Â 10
À5
). The multivariate logistic regression analysis showed that, as it happened in the . In all cases, the NCM LINE-1 RDL value refers to the normal tissue sample resected at the time of the initial surgery of the primary tumor. Differences between groups were analyzed by the non-parametric Mann --Whitney --Wilcoxon rank-sum test. Horizontal lines indicate the median value for each subgroup. The primers, probes and PCR conditions, as well as the MSI analysis are described in detail in Supplementary Table 1 . P-values o0.01 are indicated in bold type.
previous study, demethylation of the NCM was the only factor retaining statistical significance (P ¼ 5.8 Â 10
). The best-fitting model obtained after backward-elimination stepwise logistic regression contained patient age, invasiveness and RDL in NCM as predictors of multiple tumors. In this model, once again, RDL in NCM was the only factor maintaining statistical significance (P ¼ 4.9 Â 10
) associated to the development of multiple tumors (Table 3b) .
Patients with more demethylation (higher RDL) in NCM at time of surgery developed more metachronous tumors during the follow-up period (Figure 4 and Supplementary Table 2) . DNA demethylation and age of patients with multiple colon tumors Patients with multiple tumors were older than patients with single tumors (68.3 ± 8.3 vs 72.5 ± 7.8, P ¼ 0.03). When considered into groups of single and multiple tumors, there was more demethylation (higher RDL) in older patients in the single tumor group (Figure 5a ), but less demethylation in older patients with multiple neoplasms (Figure 5b) . The difference in demethylation between patients with single vs multiple tumors seemed to be more significant in younger (Figure 5c ) than older (Figure 5d ) patients. Furthermore, the slopes of the RDL values in relation to aging were inverse, showing that demethylation in NCM increased with aging in patients with single tumors, but decreased in those with multiple tumors (Supplementary Figure 2) .
DISCUSSION
The results showing that normal colon mucosa also accumulates DNA demethylation with aging (Supplementary Figure 1b) add further support to the 'wear and tear' model. 25 The findings that the age-associated accumulation of demethylation appears more pronounced in those CC patients with wild-type p53 (Figure 1) suggest the existence of a demethylation-driven genomic instability oncogenic pathway for CC independent of p53 signaling inactivation. We postulate that in a significant fraction of patients without p53 mutations, CC development can be explained by a stochastic accumulation of epigenetic demethylation errors in the continuously replicating stem cells of the colon crypts. These errors increase the risk of mitotic mistakes, eventually leading to chromosomal instability and cancer. One possible mechanism linking DNA hypomethylation and subsequent genetic alterations is illustrated by the observation that demethylation of sensitive pericentromeric repetitive sequences can trigger errors in chromosomal replication and segregation, leading to DNA copy number alterations during mitosis. 19,35 --37 In several studies, a correlation has been observed between the degree of hypomethylation of satellite or LINE-1 sequences and the frequency of chromosomal aberrations in human cancer, in agreement with results from mouse models.
18 LINE-1 hypomethylation is significantly associated with patient age and has been shown to be a prognostic factor for overall and progression-free survival of CC patients. 21, 28 Association between early cancer DNA hypomethylation, nuclear morphometric changes and chromosomal ploidy status was also found in a study of ovarian cancer. 38 MSI is the landmark of HNPCC wherein the affected members are at high risk for developing synchronous and metachronous CC.
2,3,39 Therefore, we excluded all patients with family history of CC. In addition, the negative association of high demethylation with MSI adds further evidence that the described phenomenon linking demethylation with risk for synchronous and metachronous neoplasms is not because of undetected HNPCC patients. MSI CC due to defective DNA mismatch repair has distinct clinicopathological features, including proximal colon predominance, quasi-diploid DNA content, poor differentiation, less advanced stage of progression and better survival. 31,32,40 --42 Our results provide additional evidence that the colorectal cancer pathway followed by MSI tumors differs from the rest of cancers without MSI: while no difference was found in methylation levels of NCM from patients with or without MSI (Figure 3b ), MSI cancers displayed more demethylation (lower RDL) than cancers without Regression coefficients and P-values of three different logistic regression models to study several factors as predictors of the probability of developing a metachronous tumor (a) or a double tumor, either metachronous or synchronous (b). The regression models in Table a include the data from 10 patients that developed a metachronous tumor and 69 patients that did not develop the tumor in the follow-up period. The regression models in Table b include the data from 75 patients with a single tumor and 24 with double tumors: 14 with synchronous tumors at the moment of the initial resection, and 10 that developed a metachronous tumor in the follow-up period. In the univariate logistic regression analyses, the predictive value of each factor was studied individually, introducing only one factor at a time into the model. In the multivariate logistic regression analyses, all factors were simultaneously introduced into the model. In the stepwise logistic regression the multivariate model containing all the factors was optimized by eliminating and adding factors in a stepwise automatic process until the best-fitting model with the lowest Akaike's Information Criterion (AIC) was obtained. Age and RDL in NCM were introduced as numerical continuous variables, while gender, stage, location and MSI status were introduced as dichotomous categorical variables. Location. C, A and T: cecum, ascending and transverse colon, respectively. In bold type significant values (Po0.05). Figure 4 . Case --control study of metachronous tumor incidence in 76 patients with a single right-side CC who underwent curative surgery.
Ten of them developed a right-side metachronous neoplasm in the follow-up period (6 --100 months). Patients were stratified into two groups (high and low) according to the LINE-1 RDL in the NCM, using three different thresholds: RDL44, RDL45 and RDL46 (a --c, respectively), and metachronous tumor incidence was studied using the log rank test. Threshold 5 represents approximately the median of RDL values in the entire patient sample. The P-values, the number of cases above and below the cutoff, as well as the sensitivity and specificity of the classification are indicated for every used cutoff. Cases with LINE-1 RDL higher than the stratification threshold ('high risk') are represented with a solid black line, while cases with LINE-1 RDL lower than the stratification threshold ('low risk') are represented by a dashed line. X-axis indicates the time after the surgical resection of the first lesion. Y-axis represents the proportion of patients who developed a second (metachronous) lesion in the right-side colon. Points in the curves correspond to censored cases. The results still retain statistically significance by applying Fisher's exact test (under the alternative hypothesis that true odds ratio is 41) with an event at 36 months set as the endpoint: P ¼ 0.05 for cutoff of 4; P ¼ 0.015 for the RDL cutoff of 5 and P ¼ 0.045 for cutoff of 6. MSI (Figure 3a) . This lower degree of demethylation in MSI cancers compared with MSS cancers was, however, higher than the level in normal tissue, showing that extensive demethylation in precursor CC cells also occurs before the manifestation of the mutator phenotype. This speculation is based on the fact that the somatic changes taking place after neoplastic transformation are relatively minor compared with those occurring before, in the normal precursor cells of MSI tumors. 43 The staggering amount of somatic mutations in microsatellite sequences (hundred of thousands) accumulated by these MSI tumors also argues strongly that these clonal mutations accumulate before transformation. 31 Multivariate analysis showed that demethylation was the only independent significant predictor of outcome. When introducing age and RDL as continuous variables in stepwise logistic regression analyses the best-fitting models retained RDL and age, with P-values of P ¼ 0.028 (RDL) and P ¼ 0.079 (age) for metachronous tumor development, and P ¼ 4.2 Â 10 À5 (RDL), P ¼ 0.099 (age) and P ¼ 0.106 (stage) for synchronous plus metachronous tumors. However, in other regression analyses whereby age and RDL were considered as categorical variables, age was excluded using different cutoffs and instead anatomical location remained in the best-fitting model together with RDL, although again, demethylation was the only significant factor (data not shown). Therefore, we conclude that age is not a risk factor for future neoplasm development in the proximal colon. That conclusion is consistent with the data: while demethylation increased with age in patients with single cancers, the cases with multiple tumors (metachronous and synchronous), while older overall than the entire patient population, were relatively 'younger'---if o70 years of age can be so considered ( Figure 5 and Supplementary Figure 2a) .
We interpret these results as suggesting that the individuals with demethylation levels above the continuous accumulation of background demethylation errors during aging represent a distinct subgroup of relatively younger individuals with a propensity to develop metachronous neoplasms in the proximal colon. The obvious, highly speculative, but parsimonious hypothesis postulates that this may be due to an inherited predisposition.
The association of demethylation not only in tumor tissue, but also in normal colon tissue of CC patients with multiple tumors provides mechanistic insights for the origins of the enhanced demethylation and is consistent with a role of demethylation in a long range field cancerization (Supplementary Table 3 ). Obvious candidates for the origin of demethylation are genetic or epigenetic defects in nuclear factors involved in the replication of somatic methylation, including the methyl transferases and their associated proteins. Whether these factors, defective or functional, are the same or different in the two types of progressive demethylation in the normal colon epithelium disclosed by our results, that of patients with single or multiple tumors in the proximal colon, remains to be identified and characterized.
Regardless of the underlying mechanisms, our results show that DNA hypomethylation assessed by LINE-1 RDL in NCM may be useful for stratification of non-HNPCC patients into 'low' and 'high' risk groups for subsequent development of metachronous neoplasms with high sensitivity (Figure 4) . To be precise, our data only provide evidence for metachronous tumors (carcinomas and adenomas) developing in the right-sided colon remnant following resection of right-sided cancers, and furthermore, in patients that did not develop left-sided metachronous tumors as these patients were excluded from the study, together with those patients who developed metastases from the primary CC or other extracolonic neoplasms ( Figure 1 and Materials and methods). Whether development of distal metachronous neoplasms from proximal CC or proximal or distal metachronous neoplasms from distal CC, also associates with high demethylation of the NCM resected during surgery of the primary cancer remains to be determined. Nevertheless, for at least proximal metachronous tumors from proximal CC, patients at high risk should be placed under more frequent surveillance, while patients at lower risk should be counseled, but undergo less frequent surveillance. Second generation diagnostic tests with higher specificity can be envisioned to enhance the clinical application of DNA demethylation in LINE-1 and possibly other genomic sequences from NCMs and body fluids.
In conclusion, our results are consistent with the existence of at least two distinct roles of DNA demethylation in CC development: (1) a gradual demethylation associated to single cancers in old patients generally without mutant p53, and (2) a more drastic demethylation undergone by relatively younger patients possibly underlying a field cancerization effect for the development of multiple neoplasms. These results also suggest that the enhanced demethylation observed in NCM of patients with multiple CC not only may underlie a field cancerization effect that predisposes to cancer development, but also that this defect may be due to an inherited susceptibility.
MATERIALS AND METHODS
Patients and samples
Tumor tissues and corresponding NCM were obtained from patients with CC who underwent surgery from May 2001 to February 2007 at the Saitama Medical Center, Jichi Medical University. The samples of normalappearing right-sided colonic mucosa from 11 patients without malignant disease (healthy volunteers) were obtained from biopsy specimens collected during screening colonoscopies and from resected specimens from patients with diverticulitis and appendicitis. This study was approved by the Research Ethics Committee and written informed consent was obtained from each participant. A diagram of the study design is shown in Figure 1 . From 694 total CC patients we selected those with right-sided CCs (n ¼ 270). Of the right side CCs, 211 underwent curative surgery after excluding 49 patients: 22 patients with insufficient clinical information, 15 patients with three or more CC and 3 patients with 1CC þ 1ADE, 8 patients enrolled in a different study, and 1 patient suspected to have HNPCC (45 years old female MSI positive). To minimize the confounding factor of multiple cancers due to hereditary predisposition factors such as familial polyposis (FAP) or HNPCC or inflammatory bowel disease, we also excluded 11 cases. Of the final 196 eligible patients, 14 had double cancers, and for comparison we selected a random set of 32 patients with single cancers, in addition to 11 healthy volunteers. The 32 patients with single cancers matched the overall population of single CC bearing patients in regards to age (68.3 ± 7.7 vs 66.7 ± 11.3, P ¼ 0.31, Student's t-test), in addition to location.
Next, we designed a prospective study of patients that developed metachronous tumors, to independently validate the findings with the synchronous cancer patients and to test the predictive value of the NCMs RDL. 196 initially eligible patients from the entire series yielded 126 with informative follow-up. 27 were excluded because of development of metastases from the primary tumor, or death, and 14 and 6 were excluded because of presence of left-side metachronous or extra colonic neoplasms, respectively. Of the remaining sample 10 patients developed right-side metachronous neoplasms in the follow-up period, while 69 patients showed no evidence of metachronous tumors.
MS-AFLP DNA fingerprinting
Hypomethylation alterations were identified by methylation-sensitive amplification length polymorphism (MS-AFLP) in a panel of 77 colorectal tumors and matching normal tissues. 25 The mutational status of several genes (TP53, KRAS and BRAF) was determined in these tumor samples as described. 24 RDL DNA methylation assay Samples from CC patients were obtained from the Saitama Medical Center, Jichi Medical University, Saitama, Japan. After surgical resection, tissue specimens were immediately soaked in RNAlater (Ambion; Austin, TX) and stored at À80 1C after the RNAlater solution was removed. Before DNA preparation, the dissected tissue was placed in buffered proteinase K solution at 56 1C for 3 h. Genomic DNA was isolated and purified using a BioRobot EZ1 workstation and an EZ1 DNA tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. FAM: 6-carboxyfluorescein (fluorophore). MGB: dihydrocyclopyrroloindole tripeptide minor groove binder (quencher).
RDL was estimated by quantitative PCR of demethylated LINE-1 elements amplified from bisulfite-treated genomic DNA. 30 LINE-1 RDL represents the proportion of completely demethylated LINE-1 elements in the analyzed sample relative to a reference sample. ALU sequences are used for normalization. Primers are listed in Supplementary Table 1 and conditions were essentially as previously published, 30 with some modifications in the LINE-1 probe sequence, that was re-designed using primer express software (Applied Biosystems, Foster City, CA). Human DNA from lymphocytes was used as reference. Precision estimations were calculated independently for the LINE-1 and ALU reactions as the ratio of the standard deviations of the threshold cycles (C t ) divided by the mean of the C t using 3 --5 examinations. MSI was determined as described. 25, 29 Statistical analyses Statistical analyses were performed using R Environment for Statistical Computing software. 44 Correlation between continuous variables was analyzed using the Pearson's product-moment correlation test. Differences between groups were analyzed by the non-parametric Mann --Whitney --Wilcoxon rank-sum test for those variables not following a normal distribution (RDL) or by Student's t-test for those variables following a normal distribution (patient age). Deviation from normality was assessed using the Shapiro --Wilk normality test. Differences in metachronous tumor incidence during the follow-up period was studied using the log rank test. The significance of associations was analyzed using Fisher's exact tests for 2 Â 2 contingency tables or by w 2 test for larger dimension contingency tables.
